ABSTRACT: The introduction of Lanthanum Bromide crystal, characterized by a fast and high light emission, offers the possibility to improve both imaging spatial resolution and energy resolution in SPECT in the 80-300 kev energy range, without compromising detection efficiency. The expected performances may be limited if the crystal is used with a multi-anode PMT with Position Sensitive response due to the wide differences in the segmented anode pad gains, ranging from 2:1 to 10:1, . These characteristics may strongly deteriorate the overall energy resolution and, consequently, impair the detector imaging capability. For this reason, a 256 independent channel electronic read out was developed, based on an FPGA control, to individually read the charge on each anode. The electronics features a very low electronic noise (< 1%) and a wide dynamic range. The readout electronics was used to build a gamma camera based on a single 100 mm × 100 mm continuous LaBr 3 :Ce crystal coupled to a 2×2 array SBA photocatode (38% QE) Hamamatsu H8500. An offline calibration procedure is also shown in order to compensate the anode gain variation and to exploit the LaBr 3 :Ce capabilities, obtaining on the whole detection area an 8.0-8.5% energy resolution at 140 kev. The high energy resolution performances of this gamma camera permitted to discriminate emissions from two different isotope ( Tc 99m and Co 57 ) with very close photon energy (140 and 122 kev respectively). This capability can be used to provide the gamma image with references coming from Co 57 point sources (marker) fixed at known positions. These results confirm the LaBr 3 :Ce crystals as one of the most interesting for all single photon emission applications.
Introduction
Single Photon Emission (SPE) imaging provides very meaningful functional information but very poor or missing morphological information. As a consequence, to exactly localize the detected hotspot SPE has to be used in conjunction with a morphological imaging modality, as XRay or MRI [1, 2] . In tomography combined SPET /Xray CT systems are used, with high cost and high patient radiation dose. An alternative solution can be the use of radioactive markers to introduce some spatial reference in the scintigraphic image [3, 4] . These markers can be activated with isotopes emitting photons with a different energy respect to one utilized for the radiopharmaceutical tracer. On the other hand, in order to identify the spatial reference sources, a detector with high energy resolution performances is needed. Scintillating crystals with high light yield like LaBr 3 :Ce could be useful to discriminate two isotope emissions, especially when the energy values are very close, like in Co 57 and Tc 99m . In this work, we propose a gamma camera based on a LaBr 3 :Ce scintillation crystal coupled to an array of 2×2 Hamamatsu H8500-100 multi anode PMTs and a multi wire low noise read-out electronics developed in our laboratory.
Material and methods
The compact gamma camera [5, 6] is based on four Position Sensitive Photo-Multiplier Tubes (PSPMT) Hamamatsu H8500-100 MOD8 [7] , in 2×2 array configuration, coupled to a 100 mm × 100 mm × 6.0 mm continuous LaBr 3 :Ce crystal [8] . The H8500-MOD8 series is equipped with an enhanced quantum efficiency photocathode (38% peak value @ 380 nm) and 8 metal channel dynode stages, (previous models were equipped with 12 stages). The 64 output signals of each tube are read out by a 256 channel readout electronic [9] . All the anodes are independently read and digitalized (with 14 bit ADCs) with a maximum sampling frequency of 250 ksample/second. The front-end is based on an operational amplifier in Charge Sensitive Amplifier (CSA) configuration. The output of the CSA is directly connected to ADC input, with no intermediate circuit as a shaper. An analog switch, connected to the capacitor terminals, resets the capacitor at regular intervals, right after the ADC conversion. The event selection is made by the digital control implemented in the FPGA, that analyzes the data read in each time slot and discards those below a certain threshold.
The analog frontends are organized in PCBs with 16 channels each, the system is modular so it is possible to work with 4 analog PCB (64 channel for the H8500 PMT) or 16 (256 for an array of H8500 PMTs or a single H9500 PMT). The FPGA and the voltage regulators are housed on docking PCB [10] . In figure 1 it is shown the system in 256 channels configuration.
The overall system performance, regarding the energy resolution, depends on the total uncertainty that affects the system components, as stated in equation (2.1):
where ER int is the intrinsic resolution of the LaBr 3 :Ce, that was reported in [11] , has a poissonian behavior and has an estimated value of 4.4% at 140 kev, ER noise is the electronic noise, due to readout ADC resolution and uncertainty, digital and EM interferences. ER stat is related to the photoelectron count by the poissonian statistic and to the PMT performances. The statistical error can be evaluated by the expression shown in equation (2.2):
where QE is the quantum efficiency of the photocathode (38%), δ is the charge collection efficiency at the first dynode (70%) and N is the number of photoelectrons reaching the photocatode that depends on the yield, dimensions and edge manufacturing of the crystal. The gamma camera described above presents an energy resolution of 7%, as reported in [8] , which is in agreement with a ER noise less than 1%, as shown below. It is therefore possible to make a gamma camera able to discriminate the contribution of two isotopes, very close in energy, like Co 57 (122 kev) and Tc 99m (140 kev).
For calibration purposes, a flood filed irradiation of the gamma camera was made with a Tc99m source. This irradiation was used to build a Look Up table (LUT) to equalize the measured charge electronic reading in different areas, operating a correction on each anodic gain, and thus correcting the uniformity of the spatial response of the camera.
After this procedure a simultaneous acquisition of a flood filed with Tc 99m and a 2.5 mm Ø collimated source of Co 57 source was done, with an uptake of Co 57 respect to Tc 99m of 1:1 and 1:10. In this way the Co 57 source well simulates the marker/seed for the anatomical information. If the LUT procedure is correct, operating a selection in energy it is possible to isolate the contribution of the Co 57 and the Tc 99m in the image.
3 Results and discussion
Electronic readout noise
In figure 2A , the noise distribution is shown for the four PMTs, with the same HV supply. The PMT gains are different, ranging from 3.5e5 to 6.0e5, consequently the mean values of the noise distributions, obtained by summing the 64 channels of each PMT, are different. In figure 2B the noise distribution is shown for three sets of 256 channels: the mean value of each channel can be easily calculated and subtracted from the measured value. The uncertainty left after this calibration, that is independent from the mean value, can be estimated to 1.8 mV, giving a total uncertainty on the whole matrix (for a 256 channel readout) of 29 mV.
The measurement made show that the noise added by the electronic readout for photon interactions with energy around 120-150 keV is negligible with respect to other uncertainty sources. In fact, the average signal obtained in this energy range, by summing all the anode values, is about 15-18 V, and therefore the electronic contribution to the error is about 0.2%.
Energy resolution performances
An example of gamma camera response is shown in figure 3 where the energy distribution obtained by a 2.5 mm collimated source of Co 57 is represented. The feature at 136 kev is well resolved -3 - with respect to the one at 122 kev. The energy spectrum also shows the contribution of the lead fluorescence and the K-fluorescence X-rays emitted by the Lanthanum contained in the crystal itself. For this spectrum a 7.4% FWHM energy resolution (ER) at 122 kev was evaluated. The calculated energy resolution for a flood field irradiation with a Tc99m source, after the LUT calibration, is evaluated around 9.0%. The mean spatial resolution in the uFoV of the detector, evaluated as 9.5 cm × 9.5 cm, is around 1 mm. Table 1 compares the main features of our gamma camera with respect to other small gamma cameras recently presented in literature. The table includes both commercial devices and research prototypes [12] [13] [14] [15] .
Dual isotope results
In figure 4 the energy spectrum (left) and the corresponding image (right) are shown, obtained by a collimated radioactive source of Co 57 and a flood field irradiation of Tc 99m with a relative activity ratio of 1:1. The image was corrected utilizing the LUT procedure illustrated earlier. As can be seen in figure 4A , the Tc 99m contribution overlaps the Co 57 one, due to the small difference in photon energy. The same measurement was repeated utilizing an 10:1 activity ratio of Tc 99m with respect to the Co 57 source. The obtained energy spectrum is shown in figure 5A . In accordance with one shown in figure 4A two energy windows were utilized: in red the contribution mainly due to the Tc 99m source and in green the contribution from Co 57 . Applying these energy windows, the two corresponding images are plotted in figure 5 (central and right) In the center figure the contribution of the Co 57 source is well isolated while in the right figure is suppressed and only the flood field irradiation from Tc 99m is evident. The gap between the two energy window was introduced to enhance the image contrast, eliminating the events not clearly distinguishable by energy.
Conclusion
The use of high light yield crystals like LaBr 3 :Ce, combined with last generation Hamamatsu H8500 PSPMT, single channel readout electronics and accurate calibration procedures, allows the realization of gamma cameras with high energy resolution performances on overall field of view. This feature can be used not only to have a better contrast with respect to natural and Compton background, as is common practice in gamma imaging, but also to solve the problems correlated to the lack of geometric information in scintigraphic images. These are usually confronted with complex and expensive dual modality imaging procedure, overlapping the gamma image with Xray, ultrasound or even MRI. It was shown that a possible alternative, given by the measurement setup that was used, is to put Co 57 point sources, used as spatial reference, that can be easily isolated by the image hot spots by energy discrimination.
